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Abstract
The aircraft cabin environment smoke accident can threaten the flight safety seriously. According to the incomplete statistics, the 
cabin smoke accident happens one time in every 5,000 flights. As a result, more attention is paid on the airworthiness validation
of the cabin smoke to ensure the aircraft safety. However, lacking the knowledge of the diffusion law of cabin smoke sometimes 
makes the validation experiment of the cabin smoke dangerous and expensive. With the rapid progress of computer technology, 
computational fluid dynamics (CFD) is widely used. In addition, utilizing computer modeling and simulation before the 
validation experiment can significantly improve the operability and feasibility of the experiment. This paper analyzes the flow 
regularity of smoke in the aircraft cabin and the influence of ventilation on cabin smoke diffusion by Fluent, which could prove 
analysis/calculation to be one of airworthiness compliance validation methods and decrease the costs of ground test and flight test 
which is able to reduce cost and increase efficiency.
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1. Summary
This paper utilizes the method of technology of Computational Fluid Dynamic (CFD) and simulates the cabin 
smoke diffusion by demonstrated CFD model to study the regularity of airflow and smoke in cabin. Passengers who 
sit near the fire are at higher risk when the fire is located in the middle of the cabin. Besides, affected by the ceiling 
jet and horizontal inlet air, the smoke accumulates at the ceiling wall and the concentration and temperature of this 
area is higher than that in the seat area. Moreover, this study compares the concentration and temperature of the 
smoke at each typical position, the smoke diffusion under three different conditions of ventilation is investigated. As 
a consequence, under the three different conditions of ventilation, the higher quantity of ventilation is, the lower will 
the concentration of cabin smoke be. The concentration and temperature of the smoke at the ceiling area and 
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passengers breathing area is exceedingly influenced by ventilation. Under different conditions of ventilations, the 
smoke is prevented from spreading from the aisle zone to the passengers’ zone by the horizontal inlet air, a 
conclusion can be drawn that higher ventilation is conducive to smoke discharging.
2. Introduction
Owing to the narrow space of aircraft cabin and crowded passengers, fire accidents on the aircraft will cause 
great casualties and economic losses. In fact, based on the analysis result of related smoke incidents from the NTSB, 
AIDS and SDR databases, most smoke incidents on the aircraft are caused by smolder which is generated by aircraft 
system failure[1,3]. In addition, according to the database of International Air Transport Association (IATA) which 
has collected and researched the Air Safety Report (ASR) from 2002 to 2014, it is estimated that more than 1,000 
flight smoke incidents happen per annum which lead to course emergency landing. Therefore, more attention needs 
to be paid on the study of the smoke in aircraft cabin. 
The airworthiness document AC25-7A[4] provide a certain procedure for verifying the ventilation and fire 
protection of aircraft cabin, however, with a possibility of destructiveness and dangerousness as well as plenty of 
cost, simulating the spread of the smoke in cabin before flight test with the computational dynamics fluid(CFD) 
technology can improve the efficiency of flight test[5].Thus, this paper analyzes the flow regularity of smoke in the 
aircraft cabin and the influence of ventilation on cabin smoke spreading, which can improve the efficiency of the 
flight test. In addition, this study is also helpful to establish the theoretical foundation of the smoke detection and 
fire protection[6,14]. 
3. Methods
3.1. Cabin Geometry and mesh 
With the CFD program, a cabin mockup with five rows was is built up. As shown in figure 1, a cabin mockup 
with a geometry of 4.8m×3.8m×2.26m is built. Single aisle is set up in the cabin mockup with three columns of 
seats on each side of it. There are four air inlets in the cabin mockup, two of them are located at the ceiling wall of 
the cabin(air inlet 1 and 2), the other two are at the wall on the head of the passengers(air inlet 3 and 4).There are 
two air outlets located at the bottom of the wall in cabin. When simulating the spread of smoke in cabin, we assume 
that the source of smoke in at the center position of the cabin floor. In order to compare the concentration and 
temperature of the smoke under different ventilation condition, several cross sections are selected.
Fig. 1. The geometry mockup of a cabin
3.2. Numerical method 
This study use Reynolds-averaged Navier-Stokes (RANS) equations with the renormalization group k-ܭ (RNG-
k-ܭ) turbulence model to predict the airflow distribution in cabin[8]. The model is selected because it has been 
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successfully used to simulate airflow and smoke transport in various enclosed environment. Corresponding 
governing transport equations for the RNG k-ܭ turbulence model can be generalized as:
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As is shown in figure 2, the airflow distribution of the cabin with no passengers is calculated. The airflow 
distribution of cabin is symmetrical. There are two large vortex beside the aisle at the cross section z=0, the airflow 
from the air inlet and the airflow from the air outlet convergence at the middle of the aisle, the two mixed airflows 
move to the floor and become separated. One of them become the inside cycle airflow, the other discharge from the 
cabin from the airflow outlet at the bottom of the side wall. The velocity of the airflow is average about 0.3m/s, as is 
shown in figure 2, a comparison between the numerical result and the experimental data is made, and the RNG k-ܭ
turbulence model is proved to be capable enough to simulate the cabin airflow[13,14].
(a) Velocity Contours (b) Velocity Vector
Fig.2. The airflow distribution of cabin at the cross section z=0
3.3. The spread of the smoke in cabin 
In this study, the smoke in cabin contains CO, CO2 and the air, the three kinds of airs are mixed at a certain 
proportion[11]. In the three kinds of gases, CO has greater effect on passengers’ health, so this study choose CO to 
indicate the spread of smoke in cabin[15].
As is shown in figure 3, because of the effect of the smoke plume and the thermal buoyancy, the smoke reach the 
ceiling in a very short time. During 3s to 11s, the smoke spread along the ceiling wall of the cabin and a ceiling jet 
diffusion is formed. When the smoke meet the side wall, it spread down along the side wall. The sinking speed of 
smoke on the top of the smoke source in slower than other locations and a smoke layer with a shape of umbrella is 
formed. Due to the effect of fresh air inlet, the smoke spread is temporarily stopped on transverse direction, which 
can protect the passengers from exposure to the smoke.
(a) The smoke distribution at the cross section x=0 (b) The smoke distribution at the cross section z=0
Fig.3. The smoke distribution at the time t=20s
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Due to the effect of the friction and thermal resistance of the high temperature of the smoke source[10,12], the 
sinking speed of the smoke will slow down over time. The sinking speed of the jet diffusion is slower than the rising 
speed of the smoke, smoke will accumulate at the ceiling and the concentration of smoke will arise over time. 
During the beginning 45s, the smoke spread along the vertical direction and accumulate at the ceiling and aisle area. 
The concentration of smoke at the seats area is relatively low. As shown in figure 5, after a period of time, the 
smoke spread to the seats area when the force of gravity and downward jet inertial and the upward thermal 
buoyancy of smoke come to a balance, smoke begin to spread to the seats area. The figure 4 shows that the smoke 
spread to the first column near the aisle of the passengers, the concentration inside the aisle is about 10e-5. As the 
smoke accumulate at the ceiling and area, the smoke begin to spread to the end side of ceiling area and the seats at 
both sides of aisle after 80s. The concentration of the smoke at the front rows and the end rows is higher than the 
middle rows area. At the time of 115s, the whole cabin is filled with the smoke.
(a) The smoke distribution at the cross section x=0.5 (b) The smoke distribution at the cross section x=1.0
Fig.4. The smoke distribution of different vertical cross section at the time t=45s
The figure 5 shows the concentration and temperature of smoke at the cross-section where y=1.65m, and draws
the concentration of CO2, CO and temperature vs time. We can see that concentration and temperature of smoke in 
the area right above the fire source is highest, and the concentration and temperature of smoke become higher when 
the area is near the fire source.
(a) The concentration variation of CO2 (b) The concentration variation of CO
Fig.5. The concentration and temperature variation of smoke at the cross section x=0 where y=1.65m
During the phase of flight, passengers spend their most of time on the seats, the smoke on the cross-section where 
y=1.2m can threaten passengers’ health seriously. Figure 7 shows the concentration and temperature of smoke at the 
cross-section where y=1.2 and z=0. As is shown in figure 6, concentration and temperature of smoke in the area 
right above the fire source is highest, the concentration of smoke at the seats near the aisle is little higher than the 
seats inside. Due to the accumulation of smoke at the ceiling, the concentration of smoke where y=1.65 is obviously 
higher than that where y=1.2.
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(a) The concentration variation of CO2 (b) The concentration variation of CO
Fig.6. The concentration and temperature variation of smoke at the cross section z=0 where y=1.2m
3.4. The ventilation effect on the spread of smoke
According to the FAR 25.831˄ a [˅2], under normal operating conditions and in the event of any probable failure 
conditions of any system which would adversely affect the ventilating air, the ventilation system must be designed 
to provide a sufficient amount of uncontaminated air to enable the crewmembers to perform their duties without 
undue discomfort or fatigue and to provide reasonable passenger comfort. For normal operating conditions, the 
ventilation system must be designed to provide each occupant with an airflow containing at least 0.55 pounds of 
fresh air per minute. Considering the requirements above, each passenger need 10L/s fresh air at least, and the total 
ventilation requirement for the 5-rows cabin mockup is at least 0.3m3/s. In order to study the ventilation effect on 
the spread of smoke, this study set three cases. Case 1: cabin with a low level ventilation (LOW=0.3m3/s), Case 2: 
cabin with a normal level ventilation (NORMAL=0.375m3/s), Case 3: cabin with a high level ventilation
(HIGH=0.45m3/s).The temperature of ventilation air is the same to the summer mode of real aircraft.
This study mainly investigate the ventilation effect on the smoke spread on the longitudinal and transverse 
direction under three cases when t=45s and t=80s.
Due to the effect of ventilation at ceiling wall and side wall, the accumulating concentration of smoke under case
3 is lower than that under case 1 and case 2, the sinking speed of smoke at the aisle become slower when the 
quantity of ventilation is higher, the fresh air from the right and left ventilation inlet stop the sinking smoke from 
spreading at the transverse direction. Figure 7 shows the distribution of the smoke concentration under three cases, 
as is shown in the figure, the smoke is evenly distributed above the seats under case 1, the smoke layer at the middle 
area and side wall has little difference, however, the accumulating smoke at side wall is less than the smoke at 
middle area in case 2 and case 3. The breathing zone become exposure to the smoke when t=45s under case 1 while 
the passengers is safe under case 2 and case 3. A conclusion can be drawn that sinking speed of smoke is slowed 
down due to the jet of ventilation at the ceiling wall and the side wall.
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(a) The concentration contours of smoke
under case 1
(b) The concentration contours of smoke
under case 2
(c) The concentration contours of smoke
under case 3
Fig.7. The distribution of smoke at the cross section x=0.5 under three different cases when the time t=45s
The figure 8 shows the smoke concentration under three cases when t=80s and z=1.8m. As is shown in the figure, 
a high quantity of ventilation has a great effect on the smoke extraction, especially at the luggage rack ceiling wall 
area. In figure 9(c) for case 3, the velocity of the inlet of the side wall is sufficient enough to stop the smoke to 
spread along the transverse direction, the fresh air meet at the aisle area and spread downward, the smoke can be 
taken away from the cabin from the outlet. Thus, the concentration of smoke at the seat area and luggage rack 
ceiling area reduce very quickly as the quantity of ventilation rise higher. A conclusion can drawn that zones which 
is very important to passengers’ health can be protected from smoke when the four ventilation entrances in cabin is 
used with high quantity of fresh air.
(a) The concentration contours of smoke
under case 1
(b) The concentration contours of smoke
under case 2
(c) The concentration contours of smoke
under case 3
Fig.8. The distribution of smoke at the cross section z=1.8 under three different cases when the time t=80s
The figure 9 shows the distribution of smoke concentration at different longitudinal cross-section. The 
concentration and temperature varies fluctuate because of the complex turbulence formed by the inlet air from the 
ceiling wall inlet and the air inlet on the side wall over the passengers. In the same cross-section, the concentration 
of smoke reduce as the quantity of ventilation rise higher, which can prove that a high quantity of ventilation is very 
efficient to the smoke removal in cabin. In figure 10(d), we can see that before t=80s, the concentration of smoke in 
x=1.5m area doesn’t reduce as the quantity of ventilation change higher, on the opposite, the quantity of ventilation
is so much that the fresh air reach the aisle quickly and bring a lot of smoke, some of the smoke is removed, but 
some smoke is brought to the breathing zone of passengers by the vortex.
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(a) The cross section x=0 (b) The cross section x=0.5
(c) The cross section x=1.0 (d) The cross section x=1.5
Fig.9. The variation of CO concentration vs time at different longitudinal cross-section under three different cases
4. Conclusion
Through the study above, the spread regularity of smoke in cabin is very different from the smoke in normal 
indoor. When the smoke source is at the middle position of the cabin, the smoke will spread vertical and 
longitudinal firstly, the smoke concentration at the ceiling and aisle is higher due to the transverse inlet air. After a 
smoke layer is formed at the ceiling and aisle area, the smoke begin to spread to the seats area beside the aisle area 
and reach to the breathing zone of passengers.
Based on the calculation result of the smoke spreading result under three levels of ventilation, a conclusion can 
drawn that a high quantity of ventilation can reduce the smoke concentration and temperature of the cabin efficiently, 
especially the concentration of smoke at the column of seats close to the aisle can be obviously reduced when 
quantity of the horizontal inlet air rise up. However, a secondary exposure to the smoke of passengers can be caused 
by the large quantity of ventilation, which can make the smoke spread along the side wall and reach the breathing 
zone of passengers eventually.
References
[1] Atlantic City International Airport. In-flight cabin smoke control. Elsevier Toxicology,1996, 115, 135-144.
[2] CCAR-25-R4. China Civil Aviation Regulations, PART 25, AIRWORTHINESS STANDARDS: TRANSPORT CATEGORY 
AIRPLANES,2011
[3] A.K. Chaturvedi, D.C. Sander, Aircraft fire, smoke toxicity, and survival. Aviat Space Environ Med. 67 (1996) 275-781.
364   Shibin Yang et al. /  Procedia Engineering  121 ( 2015 )  357 – 364 
[4] FAA AC 25-7A. Flight test guide for certification of transport category airplanes,1988.
[5] FAA AC 25-9A. Smoke detection, penetration, and evacuation tests and related flight manual emergency procedures,1994.
[6] J.C. Edward, C.C. Hwang, CFD analysis of mine fire smoke spread and reverse flow conditions.
[7] Ground tests of aircraft flight deck smoke penetration resistance. 2003. DOT/FAA/AR-TN03/36.
[8] A.J. Heselden. Studies of fire and smoke behaviour relevant to tunnels. Building Research Establishment, 66(1978) 1-15.
[9] ICAO. Manual of aircraft accident and incident investigation. Doc 9756-AN/965.
[10] M. John, Reducing the risk of smoke, fire and fumes in transport aircraft. Smoke, Fire and Fumes in Transport Aircraft, 2006, 1-97.
[11] D.J. Lacefield, P.A.Roberts, Carbon monoxide in 2flight incapacitation: an occasional toxic problem in aviation,1989, AD-A 123849.
[12] J.L. Lage, A. Bejan, R. Anderson, Removal of contaminant generated by a discrete source in a slot ventilated enclosure. Mass Tranfer,
35(1992) 1169-1180.
[13] S. Liu, Numerical Simulation of Reasonable Row Number for an Aircraft Cabin and the Contaminant Transportation. Master Thesis, Tianjin 
University, Tianjin, 2012
[14] R.B. Rayman, GB.Mcnaughton, Smoke/fumes in the cockpit. Aviat Space Environ Med, 54 (1983) 738-740.
[15] P.H. Thomas, Movement of smoke in horizontal corridors against an air flow. Fire Engrs Q, 30(1970) 45-53.
